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Abstract 
Solar power places the third in the renewable energy around the world. To provide such power, huge 
Photovoltaic (PV) plants are manufactured and installed all over the world. In such plants, faults occur in 
different stages of the electrical generation process. This paper proposes a new design of a smart PV module that 
detects and locates faults in the essential material of the PV plants, the PV module. For this aim, Hall Effect 
sensors have been connected to each substring in a PV module to provide real-time readings from the substrings. 
These readings have been processed by an algorithm that detects faults and differentiate the normal overall 
shading from the abnormal shading cases on the PV module. these substrings are designed to be demountable on 
the PV module for replacement if a sever permanent damage happens. Detecting and locating such faults with 
this design can save both, time and cost in the repairing process, and early maintenance in such cases provides a 
longer lifespan of a PV module. 
Keywords: Photovoltaic module; Smart PV panels; Fault detection in PV modules; Hall Effect Sensor. 
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1. Introduction 
The demand for electrical power is increasing continuously. Countries over the world are trying to find 
alternative methods to produce electrical power. In these days the fossil fuel is the main reliable source to 
produce such power. However, it has several disadvantages from polluting the atmosphere to expensive costs 
with increased demands [1]. Renewable energy has become an alternative to fossil fuel and has been growing 
vastly in the past few years. Especially the photovoltaic power plants, they became more reliable and more 
efficient. Solar power plants have produced 505.5 GW (direct current) of the world’s total power production in 
the year 2018 [2]. This significant growth of solar power was accomplished by the increased reliability, safety 
and efficiency of the photovoltaic systems. The main title of the reliability of a system is the continuous 
production of power in a Grid-Connected Photovoltaic (PV) system. To achieve that, faults are to occur in such 
systems should be detected early and eliminated as fast as possible. To this time, engineers and experts have 
been developing methods and algorithms to automate these plants by detecting faults that occur in the system 
whether it is in the DC-AC inverter units [3], the Maximum Power Point Tracking (MPPT) Unit [4], partial 
shading [5], dust effects [6], Line-Line faults in PV arrays and Line-Ground faults [7]. Hotspots are a common 
phenomenon in PV systems. They were discovered in 1969 and still present until this day [8]. They occur in 
photovoltaic cells because of a series of faults in the single PV module. It most commonly occurs in partial 
shading cases, where a PV cell or several PV cells in a PV module are shaded. The shaded PV cell operates at 
reverse-bias which makes the PV cell consume the power instead of generating it which leads the PV cell to 
operate under high temperatures, and that is how a hotspot is formed. Hotspots may cause a severe permanent 
damage to the PV cell. Therefore, detecting the hotspots on early stages may prevent the permanent damage of a 
PV cell [8,9]. Detecting these kinds of faults requires a delicate fault detection algorithm and sometimes it 
requires an intervention by a human to locate the faulty component in the PV module. According to Kim and his 
colleagues an algorithm has been developed to detect hotspots, it states that using several resistors, coupled in 
parallel and series, and capacitors coupled in parallel with a substring of a PV module can help detect hotspots 
occurrence in one PV cell. When hotspots occur, a series of changes in the AC current of the capacitors that can 
be detected and locate the faulty substring. This technic proves that detecting hotspots is possible using 2 
different frequencies, one for detecting the changes in the AC impedance (the capacitive impedance) and the 
second to detect the changes in the DC impedance [10].  In this work, a new smart PV module design is 
proposed that helps in fault detection. This approach is developed to allow detecting faults that occurred on 
substrings bases, where hotspots affect the substrings whether its occurrence is caused by partial shading, dust 
or soiling, or interconnection failure. In addition, it can provide real-time data about each substring’s current 
value. Also, an algorithm is applied along with this technic to provide a continuous inspection and the location 
of the faulty substring and to avoid false alerts. The PV module is designed to have demountable substrings 
where maintenance operations become easier when a permanent damage happens in the PV substring. replacing 
one substring instead of replacing a complete module is surly cost-effective and saves time. In this experiment, a 
PV module is coupled with Hall Effect Sensor (HES) on each substring. The Hall Effect sensor measures the 
magnetic field of the current produced from each substring and transmits the readings to a microcontroller. The 
given data from the microcontroller are entered into MATLAB script to provide readable readings, these 
readings are processed by an algorithm to detect faults when they occur. The advantage of using Hall Effect 
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sensors is that the sensor’s circuit is electrically disconnected from the PV module’s circuit and only they are 
only connected magnetically. This provides a discrete measurement for the system and the sensor provides the 
data without being interrupted by the electrical faults that might occur in the PV module. The contribution of 
this design is to provide an easy and fast maintenance process when a permanent damage occurs in one or more 
PV cells. In addition, the proposed smart PV module detects malfunctions in real-time, which require an 
intervention to avoid permanent damage of the PV module. These faults such as hotspots have significant effects 
on a PV cell, and it increases the degradation of that PV cell significantly, hence decreasing its lifespan [11]. In 
this paper the effectiveness of the smart PV module will be tested while several fault tests are performed. The 
data collected from the smart PV module during the tests provides a better understanding of the efficiency of 
this design. 
2. Materials and methods 
2.1. PV Module design 
The proposed PV module design consists of several separate substrings mounted on a PV panel and connected 
in parallel or series (as desired). The PV cells in a substring are connected in series and encapsulated to prevent 
any damage from the surrounding environment and permanently adhered to a hard back-sheet to provide 
stiffness to the substring. Then each substring is mounted to the panel using connectors and locks to hold the 
substring in place. After mounting the substrings, a tempered glass with anti-reflection coating is placed above 
the substrings and enclosed by the frame as seen in Figure 1. 
 
Figure 1: The design of the PV module 
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The connectors at the end of each substring contains the Hall Effect Sensor (HES) which is connected in series 
with the substring’s output. Then the connectors are slid into the panel connectors providing the electrical 
connection for the substring and the HES. The panel connectors are connected to the junction box where bypass 
diodes can be mounted to each substring and the PV module. In addition, a microcontroller is placed in the 
junction box with WiFi transmitter and connected to the Hall Effect Sensors. The microcontroller receives 
analog data from the sensors and converts them into digital data, then it transmits the data to the workstation 
where the processing phase starts, as shown in Figure 2. 
 
Figure 2: Smart PV system 
2.2. Detectable faults and simulation 
A fault can be easily detected but the aim of detecting a fault is eliminating it. To locate a fault, several 
algorithms are used in a Grid-Connected Photovoltaic (GCPV) system. Faults might occur on the AC side or on 
the DC side of the system. In this work, faults occurring in the DC side are studied and a special algorithm is 
placed to locate the fault. A PV module is constructed for this study, it has 3 substrings with Hall Effect Sensors 
connected in series with each substring. Figure 3 shows the electrical diagram of the studied PV module. The 
bypass diode is connected in parallel with each substring to prevent a complete power loss when partial shading 
occurs. 
 
Figure 3: PV Module's diagram 
International Journal of Sciences: Basic and Applied Research (IJSBAR) (2020) Volume 52, No  1, pp 8-20 
 
12 
 
2.2.1. Encapsulant discoloration test 
The discoloration of the PV module affects the efficiency of the PV module [12]. The discoloration is caused by 
the degradation of a PV cell over the time, while some PV cells degrade faster than others due to external 
factors, such as climate conditions, delamination, poor module packaging and installation …etc. Commonly, the 
main factors of discoloration are UV light, high temperature, and high humidity [13]. In an experimental 
situation that was implemented to observe the effects of the discoloration on the electrical characteristics of the 
PV cell [13], the results show that the effect on the PV cell is severe and the efficiency of the maximum power 
of a PV cell had dropped significantly. The new design of the PV module will be tested to detect such faults. To 
simulate the PV discoloration, one PV cell will be shaded by a transparent yet tinted paper, it simulates the 
characteristics of the faulty PV cell. Figure 4 shows the PV module with the shaded PV cell. 
 
Figure 4: PV module discoloration test 
2.2.2. Partial shading test 
 
Figure 5: Partially shaded PV module 
Partial or total shading affects directly the efficiency and the output power of a PV module. Partial shading may 
cause hotspots in the shaded part of a PV module and that may shorten the lifespan of the shaded PV cells. In 
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addition to the power loss when partial shading occurs [14]. When partial shading occurs in a PV module, the 
current drops significantly before a voltage drop occurs. Detecting and locating the current drop in the shaded 
substrings or PV cells can be helpful in eliminating the shading factor (if possible) and that prevents the power 
loss. To test the new PV module, all substrings will be shaded partially. Only one PV cell will be shaded from 
each substring at the same time. Figure 5 shows the diagram of the partially shaded PV module. 
2.2.3. Interconnection failure test 
PV modules operate under severe weather conditions sometimes. In most cases, they operate under high 
temperatures. In some cases, they operate in a humid climate during all seasons. All these factors increase the 
degradation of a PV module and decrease the lifespan of a PV cell. In harsh conditions, the first to be affected 
are the solder-joints which might wear and separate the interconnection alloy and that causes the separation of 
the interconnections of the PV cell and it causes increments in the resistance of the series connections between 
the PV cells in a module. Increasing the resistance leads to excessive heating in a PV module and losses in the 
output power. In addition to generating hotspots in the PV cells and arcing of the interconnection’s solder-joints 
which causes to burn the back sheet of the module [9,15]. To simulate such faults, the main impact of an 
interconnection failure is an increment in the substring’s resistance. Adding a resistor in series with the substring 
or disconnecting one ribbon might simulate this failure. For this test, one ribbon is disconnected from the PV 
cell to measure the impact of the interconnection failure on the output power. Figure 6 shows the PV module’s 
diagram with the simulated interconnection failure test with Rc representing the lack of conductivity in the 
disconnected ribbon. 
 
Figure 6: Interconnection failure simulation diagram 
2.2.4. Dirt or object shading test 
In this test, a small object will be placed above the PV module. This object will cover a small portion of a PV 
cell where it is hard to be detected by typical fault detection means. This test aims to observe the sensitivity of 
the new design in detecting malfunctions in the PV module. The shaded part of the PV module is illustrated in 
Figure7. 
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Figure 7: Dirt or object shading test 
2.3. Algorithm 
The algorithm is developed to detect faults in the substrings of the PV module and faults in the PV modules in a 
power plant. To achieve accurate results, sub-algorithms work simultaneously within the main algorithm to 
detect faults on substring-bases and PV-module bases. The faults that may occur in a PV plant are divided into 
two sections, substring faults and PV module faults. Each section has its own algorithm that detects the intended 
faults. Afterwards, they work simultaneously to detect the fault in the PV power plant. For the purpose of this 
study, we will be concentrating on detecting faults on substring levels to test the accuracy of the proposed 
design. At the beginning, all data are being collected from Hall Effect sensors and converted into readable 
values, such as Amperes, to be used later by the sub-algorithm. The threshold (ϴ) in this system is the value that 
the system depends on to decide whether a substring is faulty or not. It is defined by the user or a special 
algorithm or an AI that depends on Neural Network Learning algorithms or it could be a percentage between the 
substring’s values. It is not a fixed number due to the wide variety of PV cell types, qualities and efficiencies. 
Afterwards, the Faulty Substring Detection algorithm takes place in recognizing a fault in one or more 
substrings. This algorithm processes the data collected from the Hall Effect sensors directly to detect a fault 
occurring in a substring. It depends on comparing two values of substrings, δMax and δs, and compare the result 
with a threshold that was defined previously. Where δMax is the greatest measurement in Amperes of a substring 
at a certain time in a PV module, and δs is the current value in Ampere of the other processed substring in the 
same PV module. Comparing the difference between the two substrings and the threshold gives the advantage of 
detecting the fault faster and more reliable, as the threshold value could be adjusted for each PV module, and 
assuming that the irradiance levels are equal upon one single PV module. In the workflow of the algorithm, the 
average current of each PV module is calculated to form a new set of data that will be used later by another 
algorithm and by the Maximum Power Point Tracking unit MPPT. The goal of forming such data set is to define 
the partially or completely shaded PV modules which are covered by dirt accumulation and soiling. This part of 
the algorithm will not be covered in this paper as the main focus is the detectable faults by the new design. 
Figure 8 shows the used algorithm along with the sub-algorithms.  
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Figure 8: Fault detection algorithm for the proposed design of PV module 
Where: 
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n: PV module’s number 
IMn: the average of the (n) PV module’s current. 
ϴ: substring’s fault threshold. 
δMax: Greatest substring’s current value in PV module (n). 
s: Substring’s number. 
δs: Substring’s current 
3. Results 
After carrying out the intended tests, the results are obtained from each Hall Effect Sensor measuring the short-
circuit current of each substring, as the previously proposed algorithm processes the substrings’ current values. 
3.1. Encapsulant discoloration test 
Figure 9 shows the impact of the encapsulant discoloration on the PV module and the response of the sensors to 
that fault. 
 
Figure 9: Encapsulant discoloration test results 
The difference between the defected substring and the normal substring is quite significant and it could be 
detected by the algorithm, where differences between the δMax and δ1 are greater than 60%, hence these types of 
faults can be detected and eliminated due to the demounting property of the substring in the proposed design. 
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3.2. partial shading test 
Figure 10 shows the impact of partial shading on the PV module and the response of the sensors to this fault. 
 
Figure 10: Partial shading test results 
When partial shading occurs in the system, the substring fault detection algorithm cannot detect significant 
differences between the substring’s values. However, other fault detection algorithms could be used and the 
readings from the sensors can locate the partially shaded PV module. As the current average of the PV module 
IM1 has dropped significantly in this case. 
3.3. interconnection failure test 
Figure 11 shows the impact of an interconnection failure in the PV module and the response of the sensors to 
this fault. 
When disconnecting one ribbon from the PV cell, the overall resistance increases in the substring, the sensor of 
the substring detects the differences. This test simulated a real-life disconnection due to hotspots with weak 
connection solder joints, mechanical stress on the PV module or corrosion. 
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Figure 11: Interconnection failure test results 
3.4. Dirt or object shading test 
In this test, the substring fault detection algorithm could detect the fault because the current drop is significant. 
Figure 12 shows the significant drop of the current in substring 2 and substring 3 when a small portion of a PV 
cell is shaded. This type of shading leads to more significant effect of hotspot on the PV cell [16]. 
 
Figure 12: Dirt or object shading test results 
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4. Conclusion 
Detecting faults in PV plants is a delicate process especially when it comes to locating the fault. Most of the 
times faults start small and get exaggerated quickly or over time. Detecting and locating such small faults helps 
fixing the faulty component and saves both time and money. When permanent faults occur, with the proposed 
design of the PV module, substrings could be replaced instead of replacing the PV module(s) and that saves 
both, cost and time. Most of the previous typical methods cannot detect small faults that occur in a PV module. 
such small faults become more significant over time, such as hotspots, they can significantly reduce the lifespan 
of a PV cell which leads to almost completely faulty substring in a PV module [17]. Especially when a small 
object or dirt blocks a portion of a PV cell, it may affect the output of the substring that is connected to, as 
shown in Figure 12. A major advantage of this design is detecting and locating the faulty substring when 
permanent faults occur, then manufacturers can replace a single substring without the need to replace the whole 
module. Using Hall Effect sensor to detect the fault in a PV module allows us to detect any current-related 
faults, to prevent greater damage and increase the lifespan of a PV module. The efficiency of this method and 
the cheap price of these sensors gives it another advantage to replacing old PV modules with more practical 
modules with accurate fault detection means. 
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